Nineteen Wnt ligands and ten Frizzled (Fz) receptors mediate multiple distinct cellular events during neuronal development. However, their precise roles in cell type specification and organogenesis are poorly delineated because of overlapping functions and expression profiles. Here, we have explored the role of two closely related Frizzled receptors, Fz5 and Fz8, in mouse retinal development. We previously showed that Fz5 -/mice exhibit mild coloboma and microphthalmia at ~50% penetrance. Fz8 expression overlaps with Fz5 in the neural retina and optic fissure/disc. Mice lacking Fz8 show minimal eye and retinal defects. The embryos lacking both Fz5 and Fz8 die early in development, but a majority of triallelic Fz5 -/-;Fz8 +/mutants survive until birth. The triallelic mutant develops severe retinal coloboma and microphthalmia with full penetrance. At the cellular level, impaired neurogenesis is indicated by increased earlyborn retinal neurons that result from accelerated cell cycle exit of progenitors. Deficiency of apical retinal neuroepithelium is indicated by altered localization of apical junction markers, such as aPKC, RhoA and -catenin. Hes1 expression, which is critical for retinal progenitor expansion, is down-regulated in the triallelic mutant mouse. Furthermore, blocking Frizzled receptors in cultured retinal explants led to basallyshifted divisions of retinal progenitors. Together, our studies suggest a dose-dependent regulation of signaling by Fz5 and Fz8 in optic fissure/disc formation and progenitor expansion.
Introduction
How diverse neurons are produced in precise numbers during development is poorly understood. Stringent control mechanisms appear to dictate the production of neuronal diversity and eliminate unwanted cells by apoptosis (1) (2) (3) . Control of cell cycle length and time of exit are expected to modulate the nature and extent of the neural progenitors. Intrinsic genetic programs and extracellular signaling cues contribute to the expansion of neural progenitor pool (4) (5) (6) . During retinal development, six major types of neurons and one type of glia are produced in a conserved and overlapping order (7) (8) .
Transcriptional factors provide key intrinsic control, qualitatively directing cell fate specification and differentiation. For example, Pax6 is required for the multipotent state of the retinal progenitors (9) ; Math5, Brn3 proteins and Islet-1 control ganglion cell production (10) (11) (12) ; and OTX2, ROR, NRL and CRX control rod and cone photoreceptor differentiation (13) . The major signaling pathways, including Notch, Hedgehog and Wnt, mediate the responses to extrinsic cues and modulate the plasticity of specific pools or proportion of retinal progenitors (14) , thereby exerting a spatiotemporal regulation by defining the number of each cell type produced along the window of retinal neurogenesis. loss-or gain-of-function studies of -catenin (23, (27) (28) (29) . Additionally, conditional ablation of -catenin, a downstream target of canonical Wnt pathway, in the developing retina affects retinal lamination but not neurogenesis (25) , while inactivation of -catenin in retinal pigment epithelium (RPE) cells causing transformation of RPE to neural retina (30) . Finally, in Xenopus, Frizzled 5 mediated canonical pathway acts through Sox2 to regulate neuronal potential of the progenitor (31) , though this does not apply to mouse knockout models (28, 32) .
To further explore the role of Wnt-Frizzled signaling in retinal neurogenesis and its contribution to retinal diseases, we have focused on the major Wnt receptors, Frizzled (Fz), which localize to several regions of the CNS and mediate both canonical and non-canonical Wnt pathways (33) . The major cellular processes modulated by Fz receptors include planar cell polarity (PCP) in the inner-ear sensory neurons (34) , neural tube closure (34) , axon pathfinding (35) (36) (37) , retinal vasculature development and regression (32, 38, 39) , retinal optic fissure closure (32) , and survival of thalamic neurons (40) .
Previously, we and others have shown that Fz5 was expressed in developing mouse retina (27, 28, 32) , brain ventricles and thalamic nuclei. Mutation in Fz5 in mouse caused retina vitreous persistent fetal vasculature (PFV) (28, 32) , microphthalmia, retinal coloboma (32) , and missing thalamic parafascicular nucleus (40) . As Fz8 and Fz5 have the highest similarity and are activated by Wnt9b (40, 41) , we examined whether 
Results

Fz8 expression in developing mouse retina
To investigate Fz8 expression, we used a knock-in β-gal reporter at the endogenous locus in Fz8 +/lacZ mice (42) that show no distinct phenotype compared to the wild type mice. Fz8 is expressed in the forebrain and edge of the eye field during early embryogenesis ( Fig. 1, A-D) . At embryonic day 13.5 (E13.5), strong staining was observed in optic disc and retinal proliferating marginal zone (PMZ), while weaker signal was detected in neural retina (Supplemental Fig.1 ). At E14.5 and E16.5, in bisected whole mount retina, Fz8 expression was observed in optic disc, PMZ and neural retina with a preference to the ventral (Fig.1 E-G) . In 4-week old retina, Fz8 is expressed in all retina layers with less staining in the outer nuclear layer (ONL) (Fig. 1H ). ;Fz8 +/mice are referred as compound mutant/mutant and wild type/control, respectively.
Immunofluorescence labeling of dissociated cells from adult
We observed that optic fissure failed to close in all Fz5 -/-;Fz8 +/retinas at all stages examined. Retinal coloboma was readily visible at E15.5 ( Fig. 2A) , with a lack of ventral retinal tissue in the young adult ( Fig. 2F ). Pax2 expression in the mutant retina expanded laterally ( Fig. 2B, C) . Overgrown embryonic fetal vasculature packed behind the embryonic lens ( Fig. 2D , E). Increased neural fiber thickness and abnormal axon routing was also consistently observed by staining of neural filament using anti-NFL-70 The more severe and complete penetrance of ocular defects in Fz5 -/-;Fz8 +/mice stands in contrast to those of either Fz8 -/or Fz5 -/-,alone, suggesting that Fz5 and Fz8 function together dose-dependently during retinal development. We have also examined the Fz5 +/-;Fz8 -/triallelic combination and found the retina developed normally in this mutant. Therefore, Fz5 provides more genetic load than Fz8 during retinal development.
Increased early born retinal neurons and accelerated neurogenesis in Fz5 and Fz8 compound mutant retina
Despite the smaller eye size, the ganglion cell layer labeled by Brn3a is thicker in the compound mutant retina at E15.5 (Fig. 3A, B) . Similarly, Islet-1 labeled early born neurons including ganglion cell and amacrine cells were also increased when examined at E17.5 ( Fig. 3 C, D, E). We therefore hypothesized that early born neurons were generated over a broader window of time during early neurogenesis in compound mutant retina. To examine this possibility, we re-evaluated neurogenesis in E13.5 mutant retina. Indeed, we observed advanced and broad areas of neurogenesis occurring as early as E13.5 in the mutant retina using Tuj1 as a marker of postmitotic neuronal precursors ( Fig. 3F,H) . Segmentation of the retina showed that the advancing area (AA) for retinal neurogenesis is more expanded in the mutants,( Fig. 3G, I ), suggesting a faster spreading of retinal neurogenesis. Quantitative analysis revealed a 6-10 percent increase in the neurogenesis area of the mutant retina.
Normal mitotic division rate, increased BrdU-retained early born neurons and cell death
The accelerated neurogenesis indicates cell cycle defects of the proliferating progenitors. One possibility of the cell cycle defects is gross reduction of proliferation of the progenitors. This should be reflected by expression of proliferating antigens, for example, Ki67. However, no obvious changes were detected in either Ki67 expression territory or intensity at E13.5 ( Fig. 4A ) and E17.5 ( Fig. 4F-H) , indicating a grossly normal proliferation in the mutant retina. We then examined whether mitotic rate has slowed down in the mutant retina because of the microphthalmia phenotype. Quantitative analysis of pH3 labeled dividing cells ( Fig. 4B , C) on retinal apical surface and single pulse of 1 hr BrdU labeled proliferating cells (not shown) showed no significant difference between wild type and mutant retinas. Another possibility was that although progenitor cells divided at a normal rate in the mutant apical retina, more daughter cells exited cell cycle by asymmetrical divisions. To test this possibility, we delivered a single pulse of BrdU at E13 and monitored BrdU retention after 60 hours, at which time the progenitors would have gone through three cell cycles. Bright and round BrdU+ cells are predicted to be newly post-mitotic with higher labeling since BrdU was not diluted in these cells. We observed an increase in BrdU-positive cells in both inner neuroblast layer (INBL) and apical outer neuroblast layer (ONBL) in all sections at E15.5 ( Fig. 4D , E). The BrdU-positive cells in apical ONBL likely corresponded to early-born cones though this was not tested directly. Similar result of BrdU retention was also seen after 16 hr pulse (Supplemental Fig. 3A-B ). We then immunostained the retina for cyclin D kinase inhibitor p27kip1, which promotes the exit of retinal progenitors from cell cycle (43) . We observed a stronger staining of p27Kip1 at the apical mutant retina, and a reduction of INBL staining (Supplemental Fig. 4A ), suggesting a role for p27Kip1 in maintaining cell morphology and in cell migration (44, 45) . Interestingly, total p27Kip1 protein was slightly but consistently reduced, whereas cyclin D1 remained unchanged (Supplemental Fig. 4B ). Together, our data suggest that accelerated neurogenesis is likely due to an early retreat of progenitors from the cell cycle, probably caused by increased asymmetrical divisions rather than the rate of cell division.
We also detected increased cell death in the INBL at E17.5 ( Fig. 4F-H ). The increased cell death appears to be a secondary event in post-mitotic cells since Fz5 is not expressed in the differentiated neurons in INBL, and Fz8 alone does not cause retinal neuronal cell death.
Deficiency of retinal apical junctions and down-regulation of RhoA and catenin
We hypothesized that early cell cycle exit of the mutant progenitors might result from defects in apicobasal polarity of the neural epithelia. Consistent with this hypothesis, Frizzled receptors are shown to be central players of PCP pathway that is involved in apical-basal polarity of the embryonic epiblasts during gastrulation (46, 47) .
We first examined retinal apical neuroepithelium by staining for -catenin, an important apical junction marker that is critical for retinal lamination and its loss causes disorganized retinal neural epithelium (25) . We detected a significant reduction of catenin on apical surface of the mutant retina at E15.5 ( Fig. 5A ). F-actin that is enriched at the apical surface was also reduced at apical junctions ( Fig. 5B ). Upstream of actin assembly, RhoA-GTPase, an important player in PCP pathway and enriched in apical junction, was also mislocalized (Fig. 5C ). The localizations of other junction proteins, aPKC andNcadherin ( Fig. 5D , E),were also compromised at the apical junctions, indicating perturbation of retinal apicobasal polarity. Interestingly, at the total protein level, we observed that both RhoA and -catenin were down-regulated significantly in the mutant retina by western blots (Fig.5 F, G). We also examined the expression of laminin, an ECM protein that is affected by PCP pathways (46) . Laminin deposition was reduced and shifted more to the periphery in the mutant retina at E13.5 (supplemental Fig. 5 ). Together, these results show a deficiency in apical junctions of retinal neuroepithelium, which might lead to aberrant neurogenesis.
Cell-autonomous retraction of neuroblast apical processes and ectopic progenitor divisions upon blocking Frizzled receptors in vitro
To further elucidate the effect of apical junction deficiency, we generated mosaic
Frizzled mutant neuroblast cells by injection of 4HT to control Cre-ER activity in excising
Fz5 ckoAP allele (32) . The apical processes of many mutant neuroblasts retracted from retinal surface ( Fig. 6A-B ). In concordance, we also observed that Tubulin-labeled Fz8 +/retina. One interpretation for these outcomes is that the remained 50% of Fz8 dose in the triallelic mutant retina can be completely blocked by applying Fz8Ig-CRD to retinal explants in vitro culture system; alternatively, other Frizzled receptors which may compensate for Fz5/8 function loss in compound mutant retina could also be further blocked in vitro. In any case, more severe retinal neurogenesis defects were caused.
Altered gene expression of signaling pathways required for neurogenesis in the mutant retina
To address more directly the cause of earlier cell cycle exit in the mutant retina, we evaluated Notch and Shh signaling pathways by in situ hybridization and q-PCR.
While Notch1 receptor expression appeared unaffected in the mutant retina ( Fig. 7A expression seems slightly increased on the other hand in the mutant retina, but with a P value of 0.14 (Supplemental table1). Since it has been shown that Hes1 is also a major target of Shh in retina independent of Notch signaling (22) , we examined expression of Shh downstream effectors Gli2 and Gli3. Although Gli2 is required for Hes1 activation in developing retina (22) , it remains unchanged in the mutant by q-PCR assay, so does Gli3. Therefore, the compromised Hes1 expression in Fz5 and Fz8 triallelic mutant retina is likely mediated through Notch signaling.
Interestingly, we found an upregulated RhoA (P=0.02) and unchanged -catenin expression in contrast to the down-regulation of both proteins detected by western blot in Figure 5 . This seemingly paradox could be interpreted as possible alternations of protein stability of RohA and -catenin in the mutant retina, which could be regulated by both canonical and/or noncanonical Wnt-Frizzled pathways.
Discussion
Here, we demonstrate that Wnt receptors, Fz5 and Fz8, are critical for modulating progenitor cell cycle exit in mammalian retina, thereby contributing to retinal progenitor expansion. We also show that Frizzled receptors play a role in maintaining retinal neuroblast apical junctions, which in turn may affect reception of Notch signaling along the retinal epithelium. Our data provide insight for the relationship of Frizzled receptors mediated retinal neural epithelial integrity with signaling pathways critical for retinal neurogenesis. We propose a working model for Frizzled receptors' function in retinal neuroblasts based on our findings (shown in Figure 7D ).
Fz5 and Fz8 coordinate optic fissure/disc formation and axon integrity in dosedependent manner
The complexity of Wnt-Frizzled signaling is compounded by the existence of multiple members in both Wnt and Frizzled families (33) . For example, Fz3 and Fz6 function redundantly in the inner ear, yet have distinct roles in the brain and hair follicles (34, 36) .
In our studies, mutations in Fz5 or Fz8 cause varying degrees of optic fissure/disc abnormalities. The two genes do not fully compensate for each other in retina, as mutation in each of them causes phenotypes. However, mutation in both genes causes more severe retinal phenotypes with full penetrance, indicating Fz5 and Fz8 function in dose-dependent manner in retina. In the Fz5 +/-;Fz8 -/triallelic combination, retinal development proceeds as in Fz8 -/mutant. Thus, the ocular defect is most pronounced in the Fz5 -/-;Fz8 +/mutant followed by the Fz5 -/single mutant, whereas in the Fz5 +/-;Fz8 -/compound and the Fz8 -/single mutant the retinal defect is minimal. These phenotypic variations suggest that Fz5 and Fz8 receptors are signaling similar cellular events in the developing retina, with Fz5 being the dominant contributor by far. As such, the variable severity in ocular defects would simply reflect the varying levels of combined functional Fz5/Fz8 dosage among these mutants.
The dosage effect is also reflected by the aberrant axons' sprouting in Fz5 -/-;Fz8 +/mutant retina, which is clearly evident in 4-wk old mice yet absent in the Fz5 -/mutant mice until 6-month age. Additionally, broadly blocking Frizzled receptors in vitro to furtherer reduce Frizzled receptors dosage produced a qualitatively similar, but even more severe defect in retinal progenitors mitotic divisions, further support this notion.
Role of Frizzled receptors in maintaining retinal progenitor pools and implications for microphthalmia and coloboma diseases
We propose that microphthalmia, coloboma, and excessive production of early neurons in the A more direct cause of accelerated neurogenesis of RGC could be explained by gross reduction of Hes1 expression in the mutant retina. Hes1 is an important target of both Notch and Shh signaling pathway (22) . Shh is also critical for optic fissure/disc formation (48) (49) and astrocytes development (50) , RGC production (18) (51) and Hes1 (not shown) expression in optic fissure along with the severer optic fissure phenotype implies a higher dosage Frizzled signaling is required to maintain this structure. where the cytoskeleton reassembly is an important downstream event (46, 47, 58) . We observed that two PCP targets, F-actin and RhoA, which normally are enriched at the apical adherens junctions, were reduced in the mutant retina. Partial loss of -catenin, aPKCand N-cadherin staining from the apical domain in the mutant is also indicative of diminished apical junctional complexes. Furthermore, by western blotting both -catenin and RhoA levels are much lower in the mutant. However, we detected increased expression of RhoA but no change in -catenin RNA by q-PCR analysis, suggesting that 
Role of Fz8 and Fz5 in retinal neuroblast apical junctions
Materials and Methods
Generation of Fz5 and Fz8 compound alleles
All procedures involving the use of mice were approved by Animal Care and Use Committee of the National Eye Institute. Fz5 straight and conditional knockout mice and Rosa26-CreER: Fz5 ckoAP/+ mice have been described previously (40) . Briefly, Fz5 straight knockout (Fz8 lacZ/lacZ ) mice are lethal at around E9.5 due to placenta defects; hence, Sox2-Cre (not expressed in placenta; (59) ) is combined with Fz5 ckoAP/+ allele to produce null mutants. Fz8-knockout was created by replacing its coding region with a β- which are equivalent to the double knockout of Fz5 and Fz8, had paler and smaller embryonic size and died before E13.5. Genotyping methods have been described earlier (40) .
Mosaic mutant analysis of retinal neuroblasts
Mosaic mutational analysis was performed as described (32) . Briefly, 4-Hydroxytamoxifen (4HT) was introduced by intraperitoneal injection into pregnant mice carrying Rosa26-CreER; Fz5 lacZ/ckoAP ;Fz8 lacZ/+ and Rosa26-CreER; Fz5 ckoAP/+ ;Fz8 lacZ/+ pups at 5 µg/g body weight at E10. Embryos were harvested at E13 and subjected to alkaline phosphatase staining (32) .
Histology and Imaging
Procedures for preparation of flat mount retina, light and electron microscopy sections have been described previously (32) . Standard protocols were used for X-gal and X-phos staining, in situ hybridization and immunohistochemistry (IHC) (32) .
Antibodies and dilutions used in this study are: rabbit anti-Sox9, 1:500 (Chemicon 
Retinal tissue extraction and western blot.
Embryonic retina were dissected and extracted using RAPI lysis buffer, following vortex for 2 min. Tissue lysates were then centrifuged at 14,000g for 10 min, and the supernatant used for SDS-PAGE. Immunoblots were probed with anti-RhoA, β-catenin, Ccnd1 and p27Kip1 (Antibody resources are listed as above for IHC).
Retinal cell dissociation and immunofluorescence studies
Adult retinas were dissected, cut into pieces, and digested in 15 ml conical tubes containing papain solution at 8°C for 30 min. The samples were then shifted to 28°C for another 10 min incubation with intermittent shaking. Digested tissues were mixed using Pasteur pipette, and centrifuged at 150g at 4°C for 5 min. After resuspension in antipapain solution and another spin, cell pellet was resuspended in DMEM/F12 medium with 10% serum. Cells were then spread on L-lysine coated slides and incubated for 2 hr at 37°C. After rinsing several times with PBS or DMEM/F12 medium, cells were fixed and stored in methanol at -80°C for immunofluorescence labeling, as described for IHC using tissue sections. Students' t-test was used to obtain P values in paired groups of sections.
BrdU pulse assay
Production of Fz8Ig-CRD conditional medium and retinal explants culture
HEK293 cells were transfected with Fz8Ig-CRD plasmid, in which Fz8 extracellular cystine rich domain (CRD) was fused with human immunoglobin G (IgG) heavy chain, or with IgG heavy chain gene alone (as control), driven by a CMV promoter in a pRK5 plasmid backbone (40) . The secretion of Fz8IgCRD was tested by immunoblot analysis of the culture medium (data not shown).
Retinas were dissected from E13.5 mice, cultured in a drop of Fz8IgCRD conditioned or DMED/F12 medium on a Nucleopore filter (Whatman) floated in wells filled with cultured medium of a 6-well dish. After 42 hr incubation, retinas were fixed and sectioned for IHC analysis. pH3 positive cells were counted from 3 retinas (3 sections/retina). Statistical analysis was conducted using Microsoft Excel.
RNA preparation and quantitative PCR analysis
Total RNA was prepared from 2-3 retinas using TriPure Isolation Reagent 
